The effect of structuring GdFeCo thin films has been investigated in view of laser induced magnetic recording applications. It is found that patterning the substrate via electron beam lithography combined with reactive ion etching before the actual magnetic layer deposition can produce a significant magnetic de-coupling between the obtained structures and their immediate magnetic surrounding. However, upon laser heating, dipolar coupling with this surrounding is found to determine completely the magnetization orientation of the structures, a situation which could be problematic for laser induced recording applications. An alternative structuring approach, based on a lift-off technique of the magnetic layer, is immune to this problem since no magnetic surrounding remains.
Introduction
Amorphous alloys of rare earth-transition metals have been extensively studied in the 1970's 1) and have found technological application as storage and read-out layers in magneto-optical disks 2) . The interest for this class of materials was renewed with the recent discovery that, in GdFeCo ferrimagnetic amorphous alloys, a single femtosecond circularly polarized laser pulse can reverse the magnetization without the need of applying any external magnetic field 3) . This all-optical switching could lead to storage devices with tremendous recording speed. However, in terms of the achievable recording density, the focusing of laser pulses is strongly limited by the diffraction effect. To circumvent this problem, a plasmonic antenna, which conserves the circular polarization of the laser pulse and focuses it in a few tens of nanometer region, has been proposed 4) . These properties are unfortunately lost when the antenna is brought in close contact with the continuous metallic recording layer, but can be preserved if this layer is structured in individually addressable recording bits 5) . Focus ion beam patterning can be used to pin the domain wall in similar materials by locally reducing the out-of-plane magnetic anisotropy 6, 7) . This could result in individual addressable bits but the recording media would still be a continuous metallic film which is thus not compatible with the plasmonic antenna. Moreover, for the thermal stability of the recorded information, it is preferable to preserve the out-of-plane magnetic anisotropy. The later is the result of many different factors including stress and atomic pair ordering 1) , and is unstable even against moderate annealing 8) , rendering the structuring of these thin films quite a challenging task.
In this paper we show that the structuring of amorphous GdFeCo thin films can be realized via two methods, pre-patterning of the substrate and lift-off. For the pre-patterning method, a de-coupling between the structures and the continuous film in the surrounding area can be obtained for a sufficient pre-patterned structure height. However, after laser heating, the magnetic state of the structures is solely determined by their surrounding, which is a potential problem for all-optical magnetic recording. Structuring via a lift-off process solves this problem and single domain structures down to 500 nm have been obtained.
Experiments
The films to be structured, with composition AlTi(10 nm)/Si 3 N 4 (5 nm)/Gd 24 Fe 66.5 Co 9.5 (20 nm)/ Si 3 N 4 (3 nm), are grown by magnetron sputtering. The principle of the pre-patterning method is to etch the substrate with the desired structures before the magnetic multilayer deposition is performed, such that the magnetic layer on top of the structures is at a different height and thus disconnected from the rest of the film 9, 10) . First, an 80 nm thick polymethylmethacrylate (PMMA) resist is spin-coated onto a silicon substrate and patterned with an electron beam writer. Subsequently, a chromium thin film is evaporated on top of the patterned resist and followed by the removal of the polymer resist and unwanted chromium in acetone assisted with an ultrasonic bath. This creates a chromium mask for subsequent reactive ion etching (RIE) of the silicon substrate. Following RIE, the chromium mask is removed in a wet etch, to give the final pre-patterned substrate on which the magnetic film can be grown. Using different etching times, two different structure heights h, as defined in Fig. 1(a) , of 35 nm and 120 nm were created. For the second structuring method via lift-off technique, a PMMA resist is first patterned with an electron beam writer on a glass/Ti(2 nm)/Pt(8 nm) substrate. This pattern is then transferred via lift-off after deposition of the magnetic multilayer, resulting in isolated magnetic structures as shown in Fig. 1(b) . With both structuring methods, various arrays of squares with sizes ranging from 1x1 m 2 down to 100x100 nm 2 have been fabricated.
Images of the magnetic domain states in these structures are obtained using the Elmitec photoemission electron microscope (PEEM) at the Surface/Interface: Microscopy (SIM) beamline 11) at the Swiss Light Source. Using the X-ray magnetic circular dichroism (XMCD) effect at the Fe L 3 edge an XMCD image is obtained, the contrast of which is a quantitative measure of the projection of the magnetization on the x-ray polarization vector. By performing an azimuthal dependency study, the three dimensional magnetization vector can be determined 12) . To investigate the effect of the heat generated during laser recording, an XL-500 oscillator from Femtolasers producing 50 fs laser pulses with 500 nJ per pulse at a 5.2 MHz repetition rate was used.
Results
The XMCD images of the as-grown state of two different pre-patterned samples having the same structure size but different pre-patterned structure heights h are shown in Fig. 1(c) and (d). The black and white contrast in these images corresponds to out-of-plane domains with magnetization pointing either in or out of the image. For the sample with h = 35 nm shown in Fig. 1(c) , most of the 1x1 m 2 square structures display the same magnetization orientation as their immediate surrounding, which means that they are magnetically coupled. This shows that for this structure height, the magnetic layer still forms a continuous film across the sample. This is not the case for the h = 120 nm sample shown in Fig. 1(d) , where an apparent random distribution between the magnetization of the structures and the surrounding is observed. Furthermore, no indication of anti-parallel alignment between the magnetization of neighbouring structures in a checkerboard fashion is seen, which shows that the dipolar coupling between them does not play a significant role in determining their state. However, for laser recording application, it is also important to check that upon heating, the de-coupling between the dots and their immediate surrounding is preserved. The result of the laser heating is shown in Fig. 1(e) . While the magnetic states of the structures are mostly uncorrelated with their immediate surrounding before the laser heating, an almost complete anti-parallel alignment of the structures with their surrounding is observed after the heating, which is an unambiguous signature of dipolar coupling. This rearrangement of the magnetic states of the structures can be interpreted as a reduction of the coercivity of the structures due to the heat, which can then reorient in the stray field created by the surrounding. These results show that while a partial de-coupling is obtained between the structures and their surroundings, the stray field created by it could interfere with the all-optical recording of an individual structure. This problem can be avoided using a structuring technique that creates isolated magnetic structures, such as the lift-off method. The XMCD images of the lift-off sample are shown in Fig. 2 . The magnetic state of the structures does not display a checkerboard type structure which would be the result of magnetic dipolar coupling between neighbouring structures. However, while structures larger than 500 nm show a mono-domain state, the smaller ones show a multi-domain state. Demagnetizing this sample in an alternating decaying applied magnetic field from 850 mT did not change the nature of the observed magnetic states, showing that this constitutes their ground state.
Appearance of a multi-domain state for smaller structures is rather surprising since division in magnetic domains is only favorable for large area where the reduction of stray field energy at the expense of the increased exchange energy by the formation of domain walls results in the reduction of the total magnetic energy. This multi-domain state needs to be investigated in more detail and might be related to strain relaxation, thickness variation or oxidation at the edge of the structures 1) . The de-coupled nature of the magnetization state of these structures is also stable against laser pulse heating. In order to observe changes in the domain configuration of the structures after excitation by a single laser pulse, the maximum available laser fluence of 8 mJ/cm 2 was used, and in addition the sample temperature was increased to 40°C. In Fig. 3(a) , the domain configuration obtained after many laser pulses which brought the sample close to its Curie temperature in no applied magnetic field is shown. It can be seen that most of the structures are now in multi-domain state, which probably constitutes a meta-stable state accessible while cooling down from the Curie temperature in no applied magnetic field. In Fig. 3(b) , the domain configuration after a single additional laser pulse is shown, which demonstrates that the magnetic structures are not coupled, i.e. they neither have the same nor a checkerboard type contrast. These results suggest that the lift-off technique could be used for laser induced magnetic recording with a plasmonic antenna.
Conclusions
Two different approaches for the structuring of GdFeCo thin films have been investigated. The first approach, in which the substrate is structured in a first step followed by the deposition of the magnetic layer, showed good de-coupling between the magnetic structures and their immediate surroundings in an as-grown sample. However, the de-coupling is not complete and upon laser heating it is found that the obtained magnetic states of the structures are determined solely by their surroundings via dipolar coupling. The second approach based on a lift-off technique is immune to this problem since no magnetic material remains in between the structures. However, it seems that the strain relaxation resulting from the lift-off processing modifies the properties of the thin film and results in small structures showing a multi-domain ground state, while for magnetic recording application, a mono-domain ground state is required. To achieve a single domain state the sample growth needs to be further optimized to control, for example, the strain release at the edges.
